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Abstract conventional turbomachinery spool performing the
The dynamic behavior of a wave rotor toppedsame topping function.
turboshaft engine is examined using a numerical
simulation. The simulation utilizes an explicit, one- Numerical simulations of wave rotors indicate that off-
dimensional, multi-passage, CFD based wave rotor codgesign performance is good and that transient response
in combination with an implicit, one-dimensional, to disturbances is stable and rapid compared with
component level dynamic engine simulation codeconventional turbomachinefy.Until this investigation
Transient responses to rapid fuel flow rate changes arttbwever, transient wave rotor simulations did not model
compressor inlet pressure changes are simulated atiie interactions with surrounding turbomachinery (e.g.
compared with those of a similarly sized, untoppedupstream compressor and downstream turbines) that
turboshaft engine. Results indicate that the wave rotawould actually occur in a topping cycle configuration.
topped engine responds in a stable, and rapid manneFEull, steady state, wave rotor topped engine cycle deck
Furthermore, during certain transient operations, thénvestigations have been performed but these can only
wave rotor actually tends to enhance engine stability. Istate whether the engine will operate at one point or
particular, there is no tendency toward surge in thenother, they cannot answer questions regarding
compressor of the wave rotor topped engine duringransient response, stability, or controllabifify. For
rapid acceleration. In fact, the compressor actuallexample, in conventional compressor-combustor-
moves slightly away from the surge line during thisturbine engines rapid fuel flow rate changes are
transient. This behavior is precisely the opposite to thatestricted due to compressor surge limit considerations.
of an untopped engine. The simulation is described.Is there a similar limitation for wave rotor topped
Issues associated with integrating CFD and componemingines? How does the system respond to compressor
level codes are discussed. Results from severahlet perturbations?
transient simulations are presented and discussed.

This paper presents the results from a numerical

Introduction simulation developed to address these and other
Wave rotors represent a promising technology for usguestions concerning the dynamic integration of wave
as high pressure, high temperature topping cycles in gastors with surrounding turbomachinery. The

turbine engine$?® Predicted steady state performancesimulation was created by combining a dynamic,
benefits of wave rotors topping small, currentcomponent level, implicit engine code, GETRAN,
technology turboshaft engines indicate a reduction iwith a dynamic, explicit, CFD based, wave rotor ¢ode
specific fuel consumption of up to 16% from theinto a single integrated software simulation. The two
untopped engine, with a similar increase in enginecodes and their integration into a single code are briefly
power? Predicted rotor metal temperatures are welldescribed. The results from several simulations are then
below the combustor discharge temperature, and thgresented and discussed. @ Comparisons are made
rotor rotational speed is considerably less than that of between simulations of wave rotor topped and untopped
gas turbine engines during similar transient operations.

The paper concludes with some remarks regarding
implications of the results, and possible future
improvements to the simulation.
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Outer Casing

Simulation Description From (et Por
Both the engine code and wave rotor code have bedsHmer e
described extensively in the literatdfe. As such, only Shaft ‘
brief descriptions will be given below. —
3 Exhaust .
The GETRAN code is a one-dimensional, component Iniet Por port | rurbine
(or turbomachinery stage) level, generic gas turbinq;rom‘
engine simulation. Due to its highly modular structure,compressor ’
it can simulate nearly any combination of conventional E‘L’Jmer

gas turbine components such as turbomachinery,
combustors, diffusers, ducting, nozzles, etc. The one- Figure 1 Schematic wave rotor

dimensional nature of the code allows great flexibility . .
) . : . 4 .” several orders of magnitude larger than those in the
in the design process and in the simulation of tran&eriv

. . . : R1D code. Thus, with the WRI1D simulation
operations. Code modules, each simulating a differen
. ; . Incorporated as a GETRAN component (e.g. a callable
engine component, communicate boundary conditions

: Subroutine module), GETRAN simply supplies the
by the use of coupling plena (volumes). The plena‘NRlD code with it current ‘best guess’ of plena
transfer information about total pressure, total o .

. . conditions. The WR1D code then integrates over the
temperature, mass flow, and other physical Condltlon%ETRAN tme step and retums the port flow
from one engine component to the next. The plenur?nformation (e.g. mass flux, enthalpy flux, etc.) to
module imposes the time dependent, nonlinea ~ ' ’ '

! . GETRAN.
conservation equatlons of mass momentum and energy

between components. Time integration is donel_he “
implicitly, ensuring stability for the typically stiff
system of equations.

Gattling gun” nature of the wave rotor’s individual
passages presented the only difficulty in the merging the
two codes. The WRI1D code operates on time scales

The second code, heretofore called WRID, is ar\lNh'Ch resolve the rapid fluctuations in flow cond|t|0n§
- ; . as the wave rotor passages open and close to the various
explicit one-dimensional CFD based wave rotor

. . : . ports. Typically, these fluctuations are highly damped a
simulation which tracks the gasdynamic processes i . .
hort distance down or upstream from the rotor face in
each of the passages of the wave rotor as they rotale ~ . .
. , e i any given duct leading to or from the wave rotor. The
past the various stationary ports. Familiarity with the

wave rotor and its operation is assumed in this pa eWRlD code does not model these ducts, so the
P . . PaPeh ctuations are not damped. The fluctuations made it
however, for reference, a schematic drawing of a wavi

rotor is shown in Fig. 1. The WRI1D code, thoughﬁlmcu't for the GETRAN iteration to converge. As

. X o . ; such, it was necessary to use a simple data smoothing
relatively simple because it is one-dimensional, has . ;
: X algorithm (e.g. an averaging) on the results returned by
experimentally validated sub-models for most of the ; S
. . . the WR1D subroutine. The averaging time was chosen
major loss mechanisms found in wave rotors. These . .
. . T . . - S0 that accuracy was maintained over the time scales of
make it capable of fairly realistic simulation. Explicit : . : :
L o T interest in the simulations.
time integration is used in this code because of the small

time steps required to accurately capture the

asdynamic processes in the passages Lomputing Requirements
gasdy P P ges. The integrated simulation code was very CPU intensive.

Even though a very course spacing of 10 numerical

Integrating the Codes .
CF”S per wave rotor passage was used, the small time
Because of the general component-plenum structure g

GETRAN, it was relatively simple to incorporate the zt)enpsi doefratgli (\;\I/DTJlBs;Oed?n 26635();—?22:&') 'I[ﬁguilrrr?dlicit
explicit WR1D simulation code into the implicit 9 ' P

GETRAN code. GETRAN does not iterate on discretenature of the GETRAN code requires several iterations

, ; . per GETRAN time step (8.00xT0sec.), and therefore
flowfield points or volumes as do conventional CFD several calls are made to the WRI1D routine at each

codes. It is the plena conditions that are iterated upo ETRAN time step, thereby multiplying the problem.

during a given time step until the governing (diﬁerence)'l'ypical simulation requirements were 10 hours of CPU
equations are satisfied. For the WR1D code, on thﬁme for 1 second of real time on an SGI Power

other hand, plena information are used as boundar(\fhaIIen e
conditions and port flow information is computed at ge-
each of its time steps. Typical GETRAN time steps are

NASA TM-107514 2
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Figure 2 Simulation schematics, with relevant component numbering for: (a) wave:
rotor topped, and (b) untopped engines

efficiencies, and overall compressor performances, and
Methodology shaft moments of inertia (rotor moments were

The methodology for this investigation was relativelyestimated). The first design, Case 1, was a wave rotor
simple. Two basic engine designs were created fotopped configuration. The second design, Case 2, was a
study based upon a small turboshaft engine. Schematimseline configuration with no wave rotor. Details of
layouts for the two designs are shown in Fig. 2. Botlthe Case 1 wave rotor design has been described in the
designs had identical design inlet mass flow ratesljiterature®> The wave rotor was designed to be self-
compressor pressure ratios, and high pressure turbimkiven, that is, requiring no external drive motor or
inlet temperatures. These are listed in Table 1. Botfransmission. In the present investigation however, the
designs also contained identical design point componembtor was assumed to run at constant speed throughout

NASA TM-107514 3



Table 1 Compressor and Turbine Design 0.10

Specifications Case 1 And 2

Casel Case? o8
Design Mass Flow, kg/s 2168 2168 & 0| |
Compressor Pressure Ratio 7.77 7.77 X
HP Turbine Pressure Ratio 2.92 2.92 E; 004} i
HP Turbine Inlet Temperature, K~ 1329 1327
HP Turbine Efficiency 0.86 0.86 0.02} .
LP Turbine Pressure Ratio 3.26 2.49
LP Turbine Inlet Temperature, K 1056 1052 0.005 0 5 3 7 £ 5
LP Turbine Efficiency 0.86 0.86
all of the transient operations. The power required tc t,s
maintain constant rotor speed is very small (e.g. lesBigure 3 Fuel mass flow rate schedule for Case 1 and
than 0.5% of the power turbine output). 2

Transient Simulation Results and Discussion
wo transient operations were simulated. The first
involved rapid change in the fuel flow rate. The second

turbine subroutines available in the cddeThese . . . :
. involved a rapid drop in the compressor inlet pressure
subroutines model component performance (e.g, : . .
. ) . ~brought about by augmenting the simulation
compressor or turbines) using mathematical curve-fits . . . .
configurations with an idealized valve upstream of the
to the maps. The compressor performance maps an

. ; ; L compressor face.
turbine design point efficiencies used for the curve- P

fitting were obtained from a steady-state cycle dec
simulation®

The compressor and turbines were simulated in th
GETRAN code by use of the global compressor an

ljzor the results to be presented, a brief word about the
case nomenclature is in order. As previously stated,
Steadv State Case 1 and Case 2, designate the wave rotor and control
Steady old , untopped) engines respectively. The different modes of
Both Case 1 and 2 were run until a steady state ( ; . . :
o . : S ransient operation are designated by a letter following

equilibrium) condition was obtained. The equilibrium e . .

) the case number. “FS” designates the varying fuel
air mass flow through the Case 1 combustor was a

nominal 3.35 kg/s, or 54% higher than that of Case 2_schedule operation, e_tnd V designates the valve
. : . e . . generated compressor inlet disturbance.

This was consistent with specified design point values.

Similarly, pressures and temperature in the plen?/arvinq Fuel Flow Rate

iated with the wave rotor ports were well match . . . .
associa ed 1 the wave rotor ports were well matc eLf‘he fuel flow schedule used for this transient simulation
to design specifications. These results indicated that the

: - . ) IS shown in Fig.3. The same fuel schedule was used for
simulation was operating correctly, at least in stead

state. The shaft outout of the Case 1 low ressu?base 1 and 2. The design point fuel flow rate for both
: ) put. P Case 1 and Case 2 was 0.049 kg/s. The simulation was
power turbine was approximately 0.657 MW. T.h.e NN in at steady state for 0.1 sec. The fuel flow rat¢ (m
topped Case .2 power output was 0.527 MW’. gving th?/vas then rapidly ramped down to 50% of nominal over
Case 1 configuration an expected 24.7% increase in .
power a period of 0.05 sec., held at that value for 3 seconds,

then increased back to the design point value over a

It is noted that the compressor design for Cases 1 and riod of 0.25 Sec., af‘d held there for the duration of
the 6.0 second simulation.

has a small amount of bleed flow which would normally

be used for cooling the high pressure turbine (HPT)'Time traces of pressure throughout the engine, for both

Due to the addition of the wave rotor in Case 1, theCase 1 and Case 2 are shown in Fig. 4. Combustor exit
bleed flow no longer has enough pressure to be used for

HPT cooling. For the purposes of this investigation, itand h'gh pressure turbine mle_t temp(_aratures are shown
. . in Fig. 5 (they are coincident in the Case 2
was simply dumped overboard. In any practical wave

rotor topping application, this bleed flow will have to be configuration). Mass flow rates at several locations are

: ) - hown in Fig. 6. In general, all of these figures indicate
extracted from the wave rotor itself; however, this is no . .
o . hat engine response time was comparable for both Case
expected to significantly change the dynamic results.

1 and 2 and in both cases the response was stable.

NASA TM-107514 4
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Figure 4 Time traces of stagnation pressure at various locations of the engine for the fuel flow transient: (a)
wave rotor topped turboshaft engine (CASE 1); (b) non-topped engine (CASE 2)
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Figure 5 Time traces of combustor exit and high pressure turbine inlet stagnation temperature for the fuel
flow transient: (a) wave rotor topped turboshaft engine (CASE 1); (b) non-topped engine (CASE 2)
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Figure 6 Time traces of air mass flow at various locations for the fuel flow transient: (a) wave rotor topped
turboshaft engine (CASE 1); (b) non-topped engine (CASE 2)
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Figure 7 Time traces of spool angular velocities for the fuel flow transient: (a) wave rotor topped turboshaft
engine (CASE 1); (b) non-topped engine (CASE 2)

Spool rotational speeds are plotted in Fig.7 as fractionbad at steady state. The non-topped engine can only
of the design point value. The equilibrium values fordeliver 28% of design point power at the 50% fuel flow
rotational speeds were 5340 rad./s for the high pressurate. Nonetheless, the transient result implies that the
turbine-compressor spool, and 3500 rad./s for the powewave rotor topped engine configuration has a better
turbine spool. It is noted that the load placed on the lovavailable shaft power response than the untopped
pressure power turbine essentially followed the fuekngine.

flow schedule except the bounds were between 40% and

100% of the design value, and the ramp back up fronsignificant differences between the wave rotor topped
low to high load was delayed until 1.0 sec. after the fuesimulation and the non-topped simulation can be seen
flow rate was increased. Note that the high pressur@hen the trajectory of the compressor pressure rbio (
spools responded identically in both Case 1 and 2rersus corrected mass flow {mis plotted for each
however, the power turbine spools were quite differentcase. This has been done in Fig. 8. As with many
For the wave rotor topped case, the power turbine wasonventional turboshaft engines, the deceleration
consistently running above the design speed. The nomesponse (e.g. reduced fuel flow) of the non-topped
topped power turbine spool ran below the design valu€ase 1 compressor at first follows a line of constant
for a significant portion of the transient. The reason forotational speed, away from the surge line, then moves
the difference in behavior is probably due to the factlong a nearly straight line until a new steady state
that at 50% of design fuel flow rate the power turbine ofoperating point is reached. During acceleration, the
the wave rotor-topped engine can deliver 40% of designesponse is similar except the initial trajectory is toward

NASA TM-107514 6



power turbine continually decelerates throughout the

9 e T

Case I Decel transient.
81 ] As in the fuel flow transient, a plot was made of the
g trajectory of the compressor pressure ratio versus
3 7t 1 corrected mass flow. This is shown in Fig. 12. In this
C case, the wave rotor-topped engine produced a curious
6h , “loop” in the trajectory which was not seen in the
; Case 1 Accel untopped engine. The trajectory for the wave rotor
5 —_ | topped transient moved closer to the surge line than did
" case2Decdl wer=Constant the non-topped case. However, it can be seen that little
16 1.8 2.0 2.2 2.4 surge margin is required for both topped and non-
m,., kg/s topped transients. The explanation for this behavior is
unclear.
Figure 8 Compressor pressure ratio as a function of
corrected mass flow during the fuel flow transient Concluding Remarks

the surge line at constant rotational speed. Thigh conclusion several facts need to be noted regarding

behavior means that the engine acceleration must ghe simulation itself. The first was that the two codes
limited in order to avoid surge or rotating stall Were successfully merged despite the mixture of

instabilities. The wave rotor-topped engine, on thdMPlicit and explicit solution techniques. This was
other hand, traces a completely different trajectory. POSSiPle and in fact, easy, due to the modular structure
During deceleration, the compressor moves along 4f e GETRAN code and its use of iteration upon
constant speed line, slightly toward the surge line, thefi®/€ly the plena conditions. Future mergers between
it essentially parallels the surge line to the new stead§XPlicit 2-D and 3-D simulation routines and GETRAN
state operating point. During acceleration, the respondgPuld be possible in the future. The one disadvantage of

is essentially a mirror image, with initial trajectory away (e ~code integration ~was that it was very
from the speed line. Overall then , Fig. 8 indicatecomputationally intensive. Further research is necessary

significant enhancement for the wave rotor-toppedto improve the computational speed of the merged code.

engine in overall compressor stability during fuel flow

transients The wave rotor topped engine appeared robust and

quick to respond to transient operations. In particular,

Valve Generated Compressor Inlet Disturbance the wave rotor topped engine demonstrated little
The objective of this transient was to examine thd€ndency toward surge during rapid fuel flow changes.
response of the two engine configurations to a rapid o . .

change in compressor inlet pressure. The inlet pressul/fing rapid inlet pressure perturbation transients, the
change was implemented by adding an ideal valv&Ompressor of thelwave rotor topped engine moved
upstream of the compressor face. The simulation wag/0Ser to the surge line than the non-topped compressor,
run at steady state, with the valve fully open for 0.1PUt was well within the surge margin.

seconds, the valve opening was then instantaneous|
reduced to 20% of its fully open area and held there fof-0mputed steady state performance of the wave rotor
the duration of the 3.0 second simulation. topped engine compared favorably with the results from

previous studies using cycle deck calculations and wave

Pressure and mass flow rates at various engine locatiof&°" maps.
are shown in Figs. 9 and 10. Although the response

times of the two configurations were similar in this case
the amplitudes of the Case 1 were larger than Case 2.
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Figure 9 Time traces of Compressor inlet and exit stagnation pressures for the valve generated compressor
inlet disturbance transient: (a) wave rotor topped turboshaft engine (CASE 1); (b) non-topped engine (CASE
2).
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Figure 10 Time traces of air mass flow at various locations of the engine for the valve generated compressor
inlet disturbance transient: (a) wave rotor topped turboshaft engine (CASE 1); (b) non-topped engine (CASE
2).
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Figure 11 Time traces of spool angular velocities for the valve generated compressor inlet disturbance
transient: (a) wave rotor topped turboshaft engine (CASE 1); (b) non-topped engine (CASE 2).
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Figure 12 Compressor pressure ratio as a function of
corrected mass flow during the valve generated
compressor inlet disturbance transient.

NASA TM-107514 9



Form Approved

REPORT DOCUMENTATION PAGE OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
July 1997 Technical Memorandum
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Dynamic Simulation of a Wave Rotor Topped Turboshaft Engine

6. AUTHOR(S) WU-523-26-33

R.B. Greendyke, D.E. Paxson, and M.T. Schobeiri

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

National Aeronautics and Space Administration
Lewis Research Center E—-10816
Cleveland, Ohio 44135-3191

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

National Aeronautics and Space Administration

. NASA TM-107514
Washington, DC 20546—0001 AlAA—97-3143

11. SUPPLEMENTARY NOTES
Prepared for the 33rd Joint Propulsion Conference and Exhibit cosponsored by AIAA, ASME, SAE, and ASEE, Seattle, WasHington,
July 6-9, 1997. R.B. Greendyke and M.T. Schobeiri, Texas A&M University, College Station, Texas 77843; D.E. Paxson, NAYA Lewis
Research Center. Responsible person, D.E. Paxson, organization code 5530, (216) 433-8334.

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Unclassified - Unlimited
Subject Category 07

This publication is available from the NASA Center for AeroSpace Information, (301) 621+0390.
13. ABSTRACT (Maximum 200 words)

The dynamic behavior of a wave rotor topped turboshaft engine is examined using a numerical simulation. The gimula-
tion utilizes an explicit, one-dimensional, multi-passage, CFD based wave rotor code in combination with an implicit,
one-dimensional, component level dynamic engine simulation code. Transient responses to rapid fuel flow rate ghanges
and compressor inlet pressure changes are simulated and compared with those of a similarly sized, untopped, furboshaft
engine. Results indicate that the wave rotor topped engine responds in a stable, and rapid manner. Furthermorg, during
certain transient operations, the wave rotor actually tends to enhance engine stability. In particular, there is no t¢gndency
toward surge in the compressor of the wave rotor topped engine during rapid acceleration. In fact, the compresgor actually
moves slightly away from the surge line during this transient. This behavior is precisely the opposite to that of a
untopped engine. The simulation is described. Issues associated with integrating CFD and component level cogles are
discussed. Results from several transient simulations are presented and discussed.

14. SUBJECT TERMS 15. NUMBER OF PAGES
11
Wave rotor; Simulation; CFD 16. PRICE CODE
A03
17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclassified
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-18
298-102



